Abstract-Power system voltage stability is a crucial aspect of power system study, and loads have a significant influence on it. This paper uses PV curves to rank the power system loads according to their influence on the voltage stability. The Monte Carlo simulation is used to generate uncertainties to reflect the stochastic behaviour of power systems. The ranking order is acquired after considering different loading conditions obtained from the annual loading curve. The distribution of critical points on the 'PV nose curve' for the most important loads and least important loads in the network are used to verify the ranking. Different load models are applied to investigate the effect of load models on the critical point positions. The results show that load models have significant influence on the voltage collapse point.
INTRODUCTION
Power system voltage stability is an area that attracts a lot of research efforts because many power system failures have been caused by voltage instability [1] [2] [3] [4] . The increasing loading has driven the power system to operate closer to the boundary of stability, which will significantly increase the risk of voltage collapse. Power system voltage instability is caused by increasing power demand, system disturbance, or shift of operating conditions, which leads to uncontrollable voltage drop [5] . Due to the previous reasons, keeping the voltage stability is essential, for power system operations and design.
To assess the proximity to voltage collapse, the voltage stability index plays a vital role. Power system operators apply these indices to decide whether the system faces the danger of voltage instability. The PV curve is a reliable and precise way to find the load margin. It calculates the power flow while increasing the load until the there is no solution for power flow equations [6] [7] [8] . The PV curve describes the voltage (V) at a bus against the total or bus loading (P). The critical point of the PV curve corresponds to the last point before reaching the voltage stability limit [9] . The PV margin is the difference between the power at initial operating point and the critical point. It indicates how close the system is to the voltage collapse point.
The calculation of the PV curve relies on the existence of real solutions of the power flow. The accurate operating condition of the system, in particular system with renewable generation, is often difficult to model due to the random behaviour of the renewable generation, load variation, and component availability. Therefore, it is crucial that the voltage stability studies should involve the uncertainties associated with the stochastic nature of power system operating states. For the above reasons, the probabilistic method is more reliable than the deterministic method. The probabilistic assessment has the merit of combining the severity and the likelihood of an event to accurately represent the risks of system failure [10, 11] . A lot of research efforts have been placed on the probabilistic assessment of voltage stability, and many papers have been published as a result [12] [13] [14] [15] .
One of the major sources of power system uncertainty affecting the voltage stability is the uncertainty of power system load parameters. The modelling of power system components has a remarkable influence on voltage stability assessment, and load models in particular [16] . If the load model is not accurate, the power system may operate under a condition that leads to voltage instability [17] . A simple load model may not be able to reproduce the power system operating mode when conducting a simulation after a system collapse event [18] . Therefore, it is crucial to develop accurate load models for voltage stability studies.
It is very time consuming and costly, however, to model all of the loads in the power system accurately [19] . Distribution companies may not be able to provide enough funds and human resources to achieve such a goal. Besides, not all loads have the same influence on the voltage stability. Thus, a more cost effective approach is to identify the loads that need to be modelled accurately first and then other less important loads only require simple load models. In this way, there can be a significant saving in funds and human resources while to achieving the same accuracy of system studies.
This paper first applies the Monte Carlo (MC) method to simulate the effects of uncertainties on power system voltage stability. The uncertainties in load variation, and renewable generation are simulated first considering the rated system loading. The total loading is then increased until the critical point on PV curve is reached. Each load is ranked according to the average value of voltage difference between the critical point and the initial operating point, and the one having the largest difference is designated as the most important load. The five most important loads and five least important loads are identified first and further studies are carried out only using these loads. Different initial loading conditions are selected from the annual loading curve, and corresponding uncertainties modelled for each loading condition. The load at the bus of interest is then increased while the load at all other buses are kept constant. The scatter plots of critical points of the PV curve are obtained as a result of modelled uncertainties.
II. POWER SYSTEM MODELLING

A. Test Network
In this paper, the modified version of a reduced order equivalent model of NETS-NYPS test system (New England Test System -New York Power System) was used as the simulation network. The diagram of the system is shown in Fig. 1 . The test system has 5 areas, 16 generators, and 68 buses. Among these 68 buses, 26 buses are load buses, which are ranked based on their importance for voltage stability. The generators G1-G9 belong to NETS, and G10-G13 are generators of NTPS. G14, G15, and G16 represent the other three neighbouring areas. Among these generators, G9 is equipped with a fast-acting static exciter (IEEE STIA) and power system stabilizer (PSS). Other generators use a slow exciter (IEEE DC1A). All generators are equipped with speed governor systems. Generator G1 includes a GAST speed governor. G3 and G9 comprise IEEEG3 (hydro turbine), and G2-G8, G10-G16 contain IEEEG1 (steam turbine). The synchronous generators are modelled by sixth order models. The transmission lines are represented by the standard π equivalent circuit.
There are two types of renewable energy sources (RES) modelled in the test system, which are Type 3 doubly fed induction generators (DFIGs) and Type 4 Full Converter Connected (FCC) units. The wind turbines are represented partly by Type 3 DFIG models and partly by Type 4 FCC models. The photovoltaic (PV) generation, since it is FCC connected, is modelled using Type 4 FCC models as well.
B. Modelling Uncertainties
The uncertainties of load demand, and PV and wind generation are modelled. The load demand follows a normal distribution, with a standard deviation of 0.033. The wind generation power output is modelled by a Weibull distribution with a scale parameter of 11.1 and shape parameter of 2.2. The PV power output follows a beta distribution with a=13.7 and b=1.3. After considering the uncertainties in demand and RES generation, the power output of the synchronous generators is given by the optimal power flow.
C. Load Models
In this paper, several load models are applied so that the influence of the load models and their parameters on the power system voltage stability can be investigated. The models chosen are most commonly used by the industry, which are static exponential load model and polynomial load model.
The static exponential load model is given by (1) and (2) [20]:
Where P and Q are the real and reactive power drawn by the load at voltage . and are power drawn at the rated voltage . The parameters and are the parameters that describe the variation of power caused by the variation of voltage.
The polynomial load model is given by (3) and (4):
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D. Load Duration Curve
In reality, most of the time the system will not operate under a maximum loading factor, and in order to make the load ranking applicable most of the time, the annual system loading condition is taken into consideration. The discrete load duration curve which represents the annual load condition of NETS-NYPS is used where the system maximum demand is chosen to correspond to loading factor 1.339, as illustrated in Fig. 2 . 
III. METHODOLOGY
The approach of this study can be summarized in the following steps: i) Ranking all the loads according to the average voltage difference of each bus between the critical point and initial operating point by simultaneously increasing the loading at all buses. ii) For the five most important loads and five least important loads in the system, obtained from the previous step, investigate the sensitivity of critical point to variation in local load.
A. Load Ranking Based on Criticality for Voltage Collapse
For each of the loading conditions of the annual load curve, the loadings of each bus are increased simultaneously until the voltage collapse point is reached. The step size of the power increase is adaptive; it will reduce before reaching the stability limit. The initial step size is 0.5%, the maximum step size is 5%, and the minimum step size is 0.01%. The Monte Carlo (MC) method is applied to each loading condition with all the specified uncertainties previously included, and the simulations are repeated 1000 times. The number of simulations is chosen to ensure 99% confidence that the difference between the true and sampled mean values is less than 1% of the true mean value, according to equation (5) [21] .
In (5), Φ represents the inverse Gaussian conditional probability distribution with a mean of zero and standard deviation of one;
is the variance of a sample, refers to the desired confidence level, and represents a sample of measured outputs containing N samples. Then, for each loading condition, 1000 MC simulations are performed and the voltage difference between the critical point and the initial operating point is calculated, as shown in Fig. 3 . for that loading condition. The load having the largest voltage difference is the most important load as the voltage at that particular bus collapses first. The ranking orders may vary for different loading conditions. Therefore, the final ranking is determined based on cumulative ranking of individual buses for different loading conditions.
B. Identifying the Most Probable Point of Voltage Collapse
From the ranking obtained from the previous step, the five most important loads and five least important loads are chosen for further analysis. In further studies, only the loading of one bus is increased until the power system collapse point is reached.
In this step, the rated loading is considered. Based on the scatter plot of critical point, the corresponding distribution functions of the voltage and power are obtained and the most probable coordinates of critical points determined.
C. Changing Load Models
The sensitivity of voltage collapse point to load modelling is studied by considering constant power, constant impedance and ZIP load model. These load models are most frequently used. According to the International survey on load modelling conducted from 2010 to 2011, when doing steady state power system studies, 84% of utilities and system operators use constant power load model, and 8% of them use ZIP load model. When doing dynamic power system studies, for active power, 23% use constant power load model, 19% use ZIP load model, for reactive power, 23% use constant power load model, 22% use ZIP, and 19% use constant impedance [20] .
IV. RESULTS AND DISCUSSION
In this study, the MC simulations are carried in MATLAB R2013a. The generated parameter uncertainties are then imported in DIgSILENT PowerFactory 15.2., where voltage stability studies are performed. As stated in Section III, the PV curve calculation for increasing all the loads simultaneously is done for 12 different operating conditions. Due to limited space, only the results of loading factor 0.726, and the 5 loads with the largest voltage drop and 5 loads with the least voltage drop are shown above in TABLE II.
A. Load Ranking
As can be seen from the table, the most probable voltage differences are very close to the average voltage differences, and the ranking order is not affected. Therefore, using either of them to rank loads will have the same result. For convenience, the average voltage difference is used for ranking. The result is that bus 46,48,47,51 and 40 are the most important loads, while bus 26, 68, 24, 21 and 28 are the least important loads. However, the rank of the load changes with the loading conditions. Therefore, TABLE III summarizes the frequency of rank of each of the ten considered loads for 12 considered loading conditions. The number indicates the frequency of particular rank of each load. It can be seen that for the 5 least important loads, the ranking order does not have obvious change. Similarly, for the 5 most important loads, although there is some variation in load rank for different loading conditions, the overall ranking remains the same, i.e., the 5 most important load buses are 46, 48, 47, 51 and 40. Fig. 4 below shows the scatter plot of critical point for ten selected buses at the rated loading. It can be seen that the important buses are generally located at the left of the figure, i.e., the increase in load that this bus can tolerate before the voltage collapse is the smallest. Bus 51 is an exception to this because in the test system considered, a source of reactive power is connected to bus 51 which supports its voltage following load increase. The pdfs of critical point locations of all buses are produced for both voltage and power in order to determine the most probable point of voltage collapse. This is illustrated, as an example, in Fig. 5 for bus 51. From Fig. 5 it can be seen that the most probable point of voltage collapse is the point with coordinates P=1.145 p.u. and V=0.871 p.u. The most probable voltage collapse points will be used in the study of the influence of load models on voltage stability.
B. Sensitivity of Critical Point to Parameter Uncertainty
C. The influence of Load Models
All the load models are then changed to be constant impedance load models and ZIP load models. [22] . The nose points are obtained in the same way as in the previous step. The nose point results are shown in Fig. 6 below. In Fig. 6 , CP denotes the constant power load model, CZ represents constant impedance load model, and ZIP stands for the ZIP load model. It can be seen that the critical point locations of all buses have changed. The loads generally become less prone to voltage collapse, i.e., they were able to tolerate larger increase in load, after the load model was changed from constant power to ZIP and constant impedance load model. When looking at the distribution of the voltage collapse points, it can be found that the distribution for constant impedance load model is the most scattered while the distribution for constant power load model is the most concentrated. Therefore it can be concluded that the constant impedance load model is most sensitive to uncertainties, while the constant power load model is least sensitive to uncertainties.
TABLE IV shows the coordinates (P,V) of most probable point of collapse for each of the three loads and for three different load models. The corresponding most probable points are marked in Fig. 6 by plus signs. The table also shows relative change in P and V coordinate separately compared to original location, which is the one obtained with constant power load model. 
V. CONCLUSIONS
This paper ranks power system loads for voltage stability considering power system uncertainties and compares the results for different load models. The PV curve is the method used to identify the important loads in a power network. The uncertainties of load variation, wind power, and solar power are taken into account to truly reflect the stochastic behaviour of the power system. In order to consider different operating points of the system during the year, 12 different loading conditions selected from the annual loading curve are used. All loads are initially modelled using constant power load model. The buses which are the most and the least sensitive in terms of voltage stability to system uncertainties are identified first. Following that, the load model at critical buses is varied to establish the importance of load modelling for voltage stability in the network. The results confirm that the susceptibility of the network to voltage collapse increases as the load model changes from constant impedance load model, to ZIP and constant power load model, i.e., the more stiff the load is the less voltage stable the network will be. It was also found that the variation in critical point with system uncertainties increases with modelled load flexibility. The stiffer the load model is (constant power) the less sensitive the critical point is to system uncertainties.
